This letter reports on the magnetic properties of Ti 1−x Co x O 2 anatase phase nanopowders with different Co contents. It is shown that oxygen vacancies play an important role in promoting long-range ferromagnetic order in the material studied, in addition to the transition-metal doping.
Among the oxide based diluted magnetic semiconductor materials with potential use in the development of spintronic devices, Co-doped TiO 2 has attracted particular interest due to its ferromagnetic (FM) behavior well above RT for low Co doping concentrations (T c > 650K). 1, 2, 3 Since the first report of RT ferromagnetism in the Co:TiO2 system, 4,5 the synthesis of both anatase and rutile Co:TiO2 FM films was achieved using a wide variety of deposition techniques. 2, 3 Magnetic moments of such films ranging from 0.16 µ B /Co to values as high as 2.3 µ B /Co have beenreported. 2, 3 Such a wide spread of magnetic moments has raised concerns about the intrinsic nature of the FM properties of the Co:TiO 2 films, namely due to the possibility of existing Co secondary phases, 6, 7, 8 heterogeneities or even contamination. 1, 9 On the other hand, the presence of oxygen vacancies has been pointed out as a possible factor influencing the FM behaviour of the films; 1,10,11 it has never been clearly shown whether it induces Co clustering and/or promotes magnetic ordering. Moreover, claims that undoped reduced TiO 2−δ thin films are ferromagnetic at RT 12, 13 has raised the question if the transition-metal doping plays any fundamental role in the FM properties observed in the Co:TiO 2 system. While the mechanism for ferromagnetism has not yet been definitively clarified, these controversial results have prompted many speculations that the growth conditions of the samples and/or the subsequent annealing conditions can be one of the important factors that determine their FM properties.
The main purpose of the present work is to bring further insight into the origin of the ferromagnetism observed in the Co:TiO 2 system by studying the effect of oxygen vacancies on the magnetic properties of highly pure Co-doped TiO 2 anatase nanopowders and to establish or refute the premise of a strict connection between Co clustering and the ferromagnetism observed in this material. The use of nanopowders allows circumventing the non-equilibrium conditions normally used for thin film growth and to prevent any source of contamination. The Co:TiO 2 nanoparticles were synthesised near equilibrium conditions by the hydrothermal process recently described by our group. 14 The synthesis approach allows preparing highly pure and stable anatase Co:TiO 2 nanoparticles with grain sizes in the range 20-30 nm and doping concentrations up to 10 at.%, the Co being homogeneously distributed in substitutional sites of the anatase matrix, as previously shown. (Fig. 2, inset) . No obvious relation between M s or H c and Co content was found, probably due to different oxygen vacancy concentrations induced in the samples, which are difficult to control using post-annealing processes. From the results described above two important points are worth noting here. First, it can be inferred that both cobalt and oxygen vacancies play an important role in the ferromagnetic properties observed in the Co:TiO 2 system studied. Second, they clearly contradict the claims that undoped TiO 2 may be ferromagnetic at RT by only promoting oxygen vacancies in its structure.
To gain a deeper insight into the origin of the magnetism of our reduced Ti 1−x Co x O 2−δ samples we have performed field-cooled (FC) and zero-field-cooled (ZFC) measurements of the magnetization dependence on temperature at various low applied fields (100, 50 and 10 mT). A clear branching in the ZFC-FC curves was observed for all doping concentrations, both curves tending to join not far from 300 K, and the magnetization remaining non-zero (not shown). Figure 3 shows the ZFC-FC plots acquired at B = 10 mT for samples with different Co content. As can be seen, samples with x = 0.03 (Fig. 3a) , 0.07 (Fig. 3b ) and 0.10 ( Fig. 3d ) exhibit ZFC-FC curves with similar trends, not showing any additional features usually associated with superparamagnetism (SPM) or spin-glass-like (SG) systems. 16 Thus, the branching of the ZFC-FC curves of these samples can only be attributed to a FMlike behaviour. Cooling the samples under a magnetic field would favour the growth of domains in the direction of the applied magnetic fields and hence it would result in a higher value of magnetization as compared to the ZFC magnetization. In the case of zero-fieldcooling, domain growth would be random in direction and dictated by a magneto-crystalline anisotropy. Moreover, this FM-like behaviour is consistent with the significant coercivity values measured for the samples at 300 K (Fig. 2, inset) .
A different behaviour was found for the sample with x = 0.08 (Fig. 3c) . The shape of the M ZF C (T ) curve at 10 mT shows a well defined broad peak centred at 5.58 K which may be associated with a freezing/blocking temperature, T B . From the inset of figure 3c it can be seen that T B shifts towards a lower temperature with increasing applied field and tend to vanish, which is consistent with clustering SPM or glassy-like type behaviour, In order to identify the dynamic behaviour of the freezing/blocking process observed in the sample, we calculated the empirical parameter 
